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Summary
Living organisms need to search for and ingest nutritional
chemicals, and gustation plays a major role in detecting
and discriminating between chemicals present in the envi-
ronment. Using Drosophila as a model organism, we asked
whether animals have the ability to evaluate the nutritional
value of sugars. In flies, chemosensilla on the tarsi and
labellum are the gustatory organs used to discriminate
between edible and nonedible compounds [1, 2]. We noticed
that Drosophila do not assign nutritional values to all sweet
chemicals. D-arabinose is sweet to flies, but it provides them
with no nutrition. By contrast, the sugar alcohol D-sorbitol is
not sensed as sweet, but flies can live on it. We performed
behavioral and electrophysiological measurements to
confirm these gustatory and feeding responses. We found
that Drosophila can learn the nutritional value of nonsweet
D-sorbitol when it is associated with an odor cue. The
learning process involved the synapsin molecule, suggest-
ing that a neuronal mechanism is involved. We propose
that Drosophila uses neural machinery to detect, evaluate,
and learn the nutritional value of foods after ingestion.
Results and Discussion
The Nutritional Value and Feeding Responses of Sugars
To determine whether flies recognize the nutritional value of
sugars, we asked whether sugar sweetness is the sole factor
required for Drosophila to initiate feeding. Figure 1A shows
the survival curves of flies, each supplied with a single kind
of sugar at a concentration of 100 mM. With water, most flies
died after 2 days. This tendency was similar for D-arabinose
and L-glucose, indicating that Drosophila did not utilize
D-arabinose or L-glucose as an energy source (Figure 1A).
With D-glucose, almost all flies survived after 5 days, as they
did with fructose, sucrose, and trehalose (data not shown).
We found that under D-sorbitol, flies survived fairly well.
When supplied with 500 mM D-sorbitol, almost all flies were
alive after 2 weeks (data not shown). Some of these results
agree with those of a previous report [3].
To determine how flies consume nutritional and nonnutri-
tional sugars, we measured food ingestion of D-glucose,
L-glucose, D-arabinose, and D-sorbitol at 100 mM each using
starved flies [4]. Flies were given free access to sugar-agar in
a petri dish for 30 min. At this concentration, flies consumed
D-glucose but consumed smaller amounts of L-glucose and
D-arabinose compared to D-glucose. By contrast, the volume
of D-sorbitol intake was close to zero (Figure 1B).
Next, we determined food ingestion at different sugar
concentrations. The amount of D-glucose and D-arabinose*Correspondence: tanimura@kyudai.jpintake increased with the increasing sugar concentration but
decreased at 1 M (see Figures S1A and S1B available online).
When we compared D-glucose and D-arabinose ingestion,
we observed that flies ingested D-glucose more than
D-arabinose, irrespective of the concentration of the sugar.
The decreased intake at higher sugar concentrations may be
due to flies becoming satiated after high sugar ingestion.
The lower amount of L-glucose intake suggests the involve-
ment of postingestive effects. By contrast, starved flies did
not consume D-sorbitol, even at a very high concentration
during the 30 min feeding assay (Figure S1D).
Taste Sensitivity of External Chemosensilla:
Electrophysiological Recording and Proboscis Extension
Reflex Test
Fly feeding behavior is triggered by the ability of tarsal chemo-
sensilla to sense palatable substances, which is followed by
the proboscis extension reflex. Stimulation of extended label-
lar chemosensilla by sugars induces opening of the labellar
lobes to initiate fluid sucking [1]. To determine how sugars
stimulate sugar-sensitive gustatory receptor neurons housed
in the chemosensilla and to investigate the behavioral feeding
results, we performed electrophysiological recordings from
labellar taste sensilla [5]. Stimulation with D-glucose elicited
sugar spikes, and the number of spikes increased with the
sugar concentration. In the case of L-glucose and D-arabi-
nose, the response properties were very similar to that of
D-glucose (Figure 2). When we stimulated labellar sensilla
with D-sorbitol, no spikes were elicited, even at high
concentrations.
Next, to determine the correlation between tarsal taste
sensitivities and feeding responses to sugars, we performed
the proboscis extension reflex test by stimulation of a protho-
racic leg [6]. D-glucose and D-arabinose induced reflex
responses of similar strengths, whereas D-sorbitol did not
(Figure S2). In summary, both tarsal and labellar chemosensilla
showed a similar sensitivity to D-glucose, L-glucose, and
D-arabinose and did not respond to D-sorbitol. We checked
the nerve responses of all three types of labellar chemosensilla
but did not make any recordings from tarsal chemosensilla.
The absence of a proboscis extension reflex suggests that
most of the tarsal chemosensilla are insensitive to D-sorbitol,
but this will need to be examined further by electrophysiology.
In contrast with our results, a recent report on D-sorbitol
claimed that Drosophila responded positively to D-sorbitol [7].
Cafe´ Assay
We found this apparent discrepancy between the nutritional
value of sugars and the responsiveness of sweet-sensitive
gustatory receptor neurons. These results indicated that not
all sweet sugars have nutritional value for Drosophila and
pose the question of how flies survive on sugars that lack
sweetness. The survival experiments were conducted over
days. We used the modified Cafe´ assay to determine differ-
ences in food intake over a longer period at a 100 mM concen-
tration [8] (Figure 3). The amount of D-glucose intake rapidly
increased linearly for up to 3 hr; flies did not drink larger
volumes at later time points. The total amount of D-arabinose
Figure 2. Gustatory Nerve Responses of Labellar Chemosensilla to Sugars
The mean numbers of spikes elicited from the sugar-sensitive gustatory
receptor neurons of l-type (l2, l4, l6, and l8) labellar chemosensilla 1 s after
the onset of stimulation are plotted. The means 6 SEM were obtained from
8–18 recordings for each data point. Typical recordings obtained with 1 M
D-glucose and D-sorbitol stimulation are also shown. Traces shown are
100 ms after stimulation. No impulses were seen with D-sorbitol. There
were no significant differences between the number of impulses at all
concentrations of the three sugars, except for 100 mM D-arabinose
(p < 0.01), as estimated by analysis of variance.
A
B
Figure 1. The Nutritional Value of Sugars and Their Feeding Responses
(A) Survival time course of flies supplied with a single kind of sugar at
100 mM. Flies were supplied with agar containing D-glucose, L-glucose,
D-arabinose, and D-sorbitol. Mean values are shown (n = 3).
(B) Amount of sugar intake (100 mM) over 30 min measured by the coloro-
metric method using a blue food dye (mean 6 standard error of the mean
[SEM]; n = 6). The amount of D-sorbitol intake was significantly different
from that of other sugars by t test (p < 0.01).
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752intake did not differ from glucose at 30 min, and the amount
increased gradually over time. The amount of D-arabinose
intake was nearly half that of the D-glucose intake and only
gradually increased over a 9 hr period. However, in the case
of D-sorbitol, the amount of food ingested at the beginning
was low, as expected for a 30min feeding test, but it increased
incrementally. To determine whether flies are ingesting
D-sorbitol, we compared the intake of D-sorbitol and water.
Flies ingested significantly more D-sorbitol than water (Fig-
ure S3). Because D-sorbitol inhibits the water response in
a dose-dependent manner through osmolarity changes [9],
we can exclude the possibility that the taste of water is used
as a sensory cue for D-sorbitol intake.Learning Test: Regulation of Short-Term Versus
Long-Term Feeding Behavior
Some previous studies in Drosophila have used an electric
shock or a bitter substance as a punishment and a sweet
substance as a reward. To our knowledge, learning of the
nutritional value of foods has not been studied. We asked
whether Drosophila could learn the nutritional value of non-
sweet sugars. We hypothesized that the feeding behavior offlies, especially during a short-term feeding period lasting
several minutes, is regulated by the sweetness of sugars,
which is sensed by external chemosensilla. In short-term
feeding tests, flies did not consume D-sorbitol, which they
do not sense as sweet. However, flies should ingest D-sorbitol
to survive for longer periods. It is possible that flies spontane-
ously consume sugar without recognizing sugar sweetness.
The proboscis extension reflex occurs spontaneously without
gustatory inputs. If this were the case, the amount of sugar
intake would be similar to that of water. However, we found
that the amount of D-sorbitol intake was significantly higher
than that of water intake (Figure S3).
To determine whether flies can learn the nutritional value of
D-sorbitol, we performed a learning test using two odors,
4-methylcychohexanol (MCH) and DL-3-octylalcohol (OCT).
In this test, the two odors were combined with sugar or water.
After four training sessions, we examined odor preference
using a T-maze test. Flies were starved for 24 hr and trans-
ferred to a vial containing water or sugar, each associated
with an odor. Previous studies have shown that hunger is
necessary for the formation of robust appetitive olfactory
learning [10, 11]. We optimized the sugar concentration and
feeding time so that flies were not fully satiated after being
placed in a sugar-containing vial. To this end, we measured
the amount of food intake by feeding flies one concentration
of sugar for a fixed duration. Feeding flies with 20 mM sugar
Figure 4. Nutritional Value Learning of Sugars Associated with Odors
Experiments were performed under the following four conditions: (1)
100 mM D-glucose versus water, (2) 100 mM D-arabinose versus water,
(3) 100 mM D-sorbitol versus water, and (4) 80 mM D-sorbitol plus 20 mM
D-arabinose versus 20 mM D-arabinose. The means 6 SEM are shown.
The first three groups of data were obtained from 60 tests, and the last
group was obtained from 50 tests. The numbers of conditioning trials
were four times (1–3) and six times (4). Associative learning was statistically
confirmed for all four sets of combination (p < 0.01). There were no signifi-
cant differences between the two different LI values among the first three
conditions, except for between D-glucose versus water and D-sorbitol
versus water (by t test, p < 0.005). This indicates that sweetness with a nutri-
tional value is more effectively learned than nonsweetness with a nutritional
value.
Figure 3. Long-Term Feeding Intake of D-Glucose, D-Arabinose, and
D-Sorbitol
The temporal changes in intake amount were measured using the modified
Cafe´ assay. The concentration of sugar was 100 mM. Water intake was
measured at the same time. The amount of water ingested was below
0.03 ml and is not shown here. Mean values are shown (n = 9). The amount
of intake of the three sugars significantly increased for up to 3 hr (p <
0.05). D-Sorbitol intake did not significantly increase with the increase in
the concentration by t test (p > 0.10).
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753for 10 min at 1 hr intervals resulted in nearly equal amounts of
sugar intake. Feeding at three different times, 5, 10, and
15 min, showed that optimum learning was obtained with
a 10 min feeding time. We also examined the relationship
between the numbers of trials required for learning. We used
a paradigmwith two, four, and six trials. When given four trials,
flies learned the nutritional value of D-sorbitol efficiently.
However, two trials were insufficient, suggesting that more
than two trials is required to obtain a positive learning score
(data not shown). Six trials did not increase the learning score
above that obtained with four trials.
To know whether our conditioning protocol works for
a sweet and nutritional sugar, we conducted a learning test
with D-glucose versus a water control. We next did a learning
test using D-arabinose versus a water control to knowwhether
a sweet but nonnutritional sugar can be associatively learned
by flies. Flies showed a significant preference for D-glucose-
or D-arabinose-conditioned odors over water-conditioned
ones (Figure 4). When we performed the test with D-sorbitol
versus water, flies chose the D-sorbitol-conditioned odor (Fig-
ure 4). Consequently, it can be concluded that flies learned the
nutritional value of D-sorbitol.
In D-sorbitol versus water learning procedures, intake
amounts were not large. To determine whether nutritional
value is important for flies, we conducted learning tests
using D-sorbitol and D-arabinose. Both sides contained
D-arabinose at 20 mM, and, on one side, this solution also
contained 80 mM of D-sorbitol. Because D-sorbitol is taste-
less, both sides have equal sweetness for flies. We checked
that the intake amount of 20 mM D-arabinose and 20 mM
D-arabinose plus 80 mM D-sorbitol did not differ (data not
shown). The results showed that flies had a significant
preference for odors associated with D-sorbitol containing
D-arabinose (Figure 4) and clearly show that flies are moni-
toring the nutritional value.
Finally, we tested whether a neural system was involved in
learning. To this end, we used the syn97 mutant, which is
a null mutant of the synapsin gene that encodes a protein
necessary for synaptic function. The gene is associated with
reduced learning ability in adult flies and larvae [12–14]. syn97
mutant flies showed significantly reduced learning ability,demonstrating that a neural system is involved in nutritional
value learning (Figure S4).
In an insect body, D-sorbitol is synthesized from D-glucose.
It is then stored in the body during the diapause period and
used for energy conservation and cold stability [15]. Because
D-sorbitol provides energy and supports other functions in
flies, it is clear that flies need to recognize and ingest
D-sorbitol. The feeding behavior of Drosophila is induced by
sequential stimulation of taste cells in the tarsus on the legs,
labellum on the proboscis, and interpseudotracheal papilla
located inside the labellum. We found that D-sorbitol invoked
feeding without stimulating external taste cells.
How do flies detect D-sorbitol and start feeding behavior? Is
it possible that pharyngeal taste cells [16] are involved? If
these taste cells play a major role in regulating ingestion and
in sensing D-sorbitol, flies would consume a large amount of
D-sorbitol once feeding starts. But we found no evidence for
this in the feeding assay (Figure 1B and Figure S1D). As food
deprivation increases, spontaneous extension of the
proboscis may initiate feeding on D-sorbitol-containing agar
medium, and after ingestion the internal sensor might send
a positive signal to initiate feeding behavior, despite providing
no initial external gustatory input. We have evidence to
support our hypothesis that flies control feeding behavior by
a putative internal sensor. poxn flieswith no external taste cells
also survive on standard medium [17]. These flies may recog-
nize the nutritional value of substances or other factors in
sugar without sensing sugar sweetness. In fact, Gr64 null
mutant flies have no glucose receptors but can survive on
glucose-containing medium ([18] and unpublished data). It
has been postulated that an internal sensor must exist to
monitor the heamolymph sugar level, and a putative molecule
was identified [19]. Such a nutrient body sensor mechanism
might inhibit feeding behavior if the ingested sugar provides
no nutrition. A similar phenomenon was reported in mutant
mice with deficient taste reception that regulate feeding
behavior by providing feedback on the nutritional state in the
body after ingestion [20]. They proposed that a dopaminergic
neural reward system is involved [20].
This study reveals that flies learn the nutritional value of
sugar, but the process by which they learn this is still unclear.
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ganglion [21]. It remains to be elucidated how information from
the subesophageal ganglion is transferred to the central brain.
A detailed functional anatomy of the subesophageal ganglion
may help to elucidate the neural network of taste learning. We
would elucidate in future how the nutritional state is internally
sensed and how that the information is processed in the fly
brain.
Experimental Procedures
Fly Strains
Flies were reared on standard cornmeal-agar-glucose medium under
a 12:12 hr light:dark cycle (light was on at 6 am and off at 6 pm) at 25C. Flies
used were 3 to 6 days post emergence. White-eyed flies, w1118, were used
for quantification of amount of intake, and Canton-Special (CS) was used
for other tests. Synapsin mutant strain flies with the same background as
CS were kindly offered by B. Gerber.
Chemicals
For tastants, D-glucose, fructose, and sucrose were obtained from
Wako Pure Chemical Industries. L-glucose and D-arabinose were obtained
from Sigma Aldrich. D-sorbitol was obtained from Merck. The odorants,
DL-3-octylalcohol and 4-methylcyclohexanol, were obtained from Sigma
Aldrich. These odorants were dissolved in paraffin oil (Sigma Aldrich).
Agar Noble was from Difco Laboratories.
Survival Test
A group of 15 male flies was starved for 20 hr in a vial with wet paper on the
bottom. Flies were then transferred to a vial with 1ml of 1%agar gel contain-
ing sugar at a concentration of 100 mM, and the vial was changed every
2 days. The number of dead flies in the vials was counted twice per day.
At least three repetitions were conducted for each condition.
Feeding Test
A group of 45 flies (male and female) was starved for 20 hr in a vial with wet
paper on the bottom. Flies were then allowed to feed for 30 min on a 1.5 ml
agar gel in a tissue culture dish (2.5 cm in diameter), 0.05% Food Blue No.1
(Tokyo Chemical Industry) under dark conditions. Flies were then killed by
freezing and were homogenized in an Eppendorf tube with 300 ml of 50%
ethanol (20 flies per tube) using a pestle attached to an electric motor [4].
After centrifugation, the supernatant was removed and the relative absor-
bance at 630 nm was measured with a microplate reader (NalgeNunc Inter-
national). To eliminate the absorbance originating from the eye pigments of
wild-types, we used white-eyed flies, w1118, in this experiment.
Electrophysiology
Electrophysiological recordings from labellar chemosensillum were per-
formed by the tip-recording method as previously described [5]. In brief,
a glass capillary electrode filled with Drosophila Ringer’s solution was in-
serted into the head and connected to the ground. Recordings were made
from individual l-typed sensillum by covering them with a 10 mm diameter
glass capillary electrode filled with 1 mM KCl and the sugar compound.
The electrical signal was amplified by a TastePROBE amplifier (Syntech).
Data were recorded and stored on a computer with a 16-bit A/D conversion
card DT9803 USB A/D (Data Translation) running the dbWave custom soft-
ware provided by F. Marion-Poll.
Proboscis Extension Reflex Test
Proboscis extension reflex (PER) test was performed as described else-
where [6]. Male flies were starved for 24 hr and then fixed with myristyl
alcohol on a glass slide. Flies used were 3 to 5 days old. Before testing
the response to sugars, fixed flies were left for 2 hr in a moist chamber.
Experiments were done at around noon. Flies were first satiated with water
until they stop responding to it. This procedure was repeated between sugar
stimulations to prevent water response. The PER to D-glucose, D-arabi-
nose, and D-sorbitol at 300 mM was tested, and each experiment was
performed three times. Stimulation was done under a compound stereomi-
croscope, and one prothoracic leg was carefully touched with a small
droplet of water or sugar solution for 2 s. Proboscis extension was observed
within 2 s.Cafe´ Assay
The original method [8] was modified as follows: Drosophila Buzz Plugs
(Fisher Scientific Japan) were sliced into three round pieces. One piece
was cut almost into semicircular slices, leaving an uncut portion. EM mini-
caps (Hirschmann Laborgerate) were filled with colored sugar solution
(Food Blue No.1) by capillary action. The blue dye was used to easily recog-
nize the surface boundary of solution. Mineral oil was overlaid on the mini-
caps to prevent evaporation. Three minicaps were sandwiched in the cut
side of the Buzz Plugs using double-stick tape. A group of five male flies
was starved for 20 hr. Flies were then transferred to a vial that contained
wet Kimwipe paper on the bottom, and Buzz Plugs were placed on the
tube. During the test, the tubes were set in the dark moistened box. Exper-
iments were started at around 11 am. Images of vials were captured by
a Canon 8800F image scanner before and after feeding. The amount of
food intake was measured using the following method: the top and bottom
meniscus positions of solution in the capillary were read off by ImageJ
(National Institutes of Health) on the PC, and the solution length before
feeding was subtracted from the length measured after feeding. Finally,
the amount of food ingested was calculated based on the fact that the full
capacity of a minicap is 5 ml.Learning Test
Two kinds of odor, 4-methylcychohexanol (MCH) and DL-3-octylalcohol
(OCT), were used for a conditioning stimulus. These are neutral odors for
flies; flies have no strong preference for them. MCH and OCT were diluted
in paraffin oil at 1/2 and 1/4, respectively. The odors were combined with
sugar or water. We applied 5 ml of odor solution to the bottom surface of
a sponge plug. Glass vials used had an inside diameter of 21 mm and
were 94 mm long. For conditioning experiments, the bottom of the vial
was filled with sugar or water in 1% agar. The tops of the vials were plugged
with a sponge plug containing an odor. About 50 flies of both sexes that had
been starved for 20 hr and supplied only with water were placed into a glass
vial containing 100mMD-sorbitol or just plain agar. The training was done in
the following way. First, half of the flies were placed for 10 min under odor A
and D-sorbitol while the other half of the flies were placed under odor A and
plain agar. Then the flies were transferred to empty glass vials with no odors
and were left for 1 hr. Next, the flies that were first in odor A and D-sorbitol
were placed in another vial that contained odor B and plain agar while the
flies that were first placed in odor A and plain agar were placed in a vial
with odor B and D-sorbitol. Flies were placed in another vial that contained
odor B and D-sorbitol or just plain agar. Thereafter, they were again trans-
ferred into an empty vial without an odor compound for 1 hr. This cycle
was repeated four times. Alternate combinations of odors and sugar or
water were used. In pattern 1, D-sorbitol with MCH and water with OCT
were paired. In pattern 2, the combination was reversed. Then one group
of the training experiment was started using four vials.
In another series of experiments, 100 mM glucose and 100 mM D-arabi-
nose were used instead of D-sorbitol (Figure 4). In the last series of experi-
ments, training was done with 20 mM D-arabinose or 20 mM D-arabinose
plus 80 mM D-sorbitol (Figure 4). After the final trial, flies were transferred
into empty glass vials without an odor compound for 1 hr, and an odor pref-
erence test using a T-maze apparatuswas performed. This 1 hr rest will elim-
inate the possible habituation or sensitization effect by an odor exposure.
The T-maze apparatus was purchased from the workshop of the University
of Wu¨rzburg. In this test, flies chose between two odors in the presence of
no sugar. The vials were then plugged with a sponge plug containing 5 ml
of odor solution diluted to the same concentration as that used during
training. The number of flies in each odor vial was counted. The concentra-
tion of odors was the same as during conditioning, and 5 ml of odor solution
was applied to the sponge plugged into the end of the vials. Training started
at around 10 am, and the T-maze tests were completed at around 3 pm.
A preference index was obtained by calculating the number of flies that
chose the MCH side minus the number of flies that chose the OCT side,
divided by the total number of flies [22].
A positive value indicated that flies preferredMCH toOCT. To check for an
associative effect of training, we took the paired preference index values
from alternate runs. Associate learning was statistically evaluated by
analyzing the two preference index values by the t test. To show learning,
we calculated a learning index from the preference index of MCH+/OCT
minus that of MCH/OCT+, divided by 2 (+ signifies that the odor was
combined with sugar [D-glucose, D-arabinose, D-sorbitol, or D-sorbitol
plus D-arabinose]) [22]. A positive value indicated associative learning.
For synapsin mutant experiments, a new paradigm was used. The
concentration of D-sorbitol was increased to 500 mM, and D-arabinose
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755was added to the nonsweet D-sorbitol at 20 mM. The alternative vial con-
tained only 20 mM D-arabinose. Feeding duration and starvation duration
after feeding were increased to 30 min and 12 hr, respectively. Trials were
conducted twice per day for 2 days. A T-maze test was conducted 12 hr
after the last trial.
Supplemental Information
Supplemental Information includes four figures and can be found with this
article online at doi:10.1016/j.cub.2011.03.058.
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